INTRODUCTION {#h0.0}
============

*Candida albicans* is the most common cause of mucosal and systemic fungal infections in humans and is frequently responsible for hospital-acquired bloodstream infections ([@B1], [@B2]). The increased use of prophylactic antibacterial antibiotics, medical interventions, such as indwelling catheters, and immunosuppressive therapies to treat various conditions have provided new opportunities for this commensal organism to invade tissues and disseminate ([@B3]). An underlying factor in the pathogenesis of *C. albicans* arises from its ability to switch between budding yeast-form cells, which are thought to spread more easily through the bloodstream, and a hyphal morphology that facilitates the invasion of tissues ([@B4]). The plasma membrane (PM) plays key roles in pathogenesis because this essential barrier also mediates dynamic processes, including endocytosis, cell wall synthesis, secretion of virulence factors, nutrient transport, contact signaling, and sensing of the ambient osmolarity and pH. Highlighting its critical role in virulence, most of the commonly used antifungal agents affect PM functions (e.g., amphotericin, fluconazole, and caspofungin) ([@B5]).

The architecture of the fungal PM is being investigated to better define how it carries out its various roles. Recent studies have revealed that the PM of the yeast *Saccharomyces cerevisiae* is organized into distinct subdomains ([@B6]--[@B8]). One large domain is referred to as the MCP because it is a membrane compartment occupied by Pma1, an H^+^ ATPase. Proteins in the MCP diffuse rapidly, and sites of endocytosis form within this region ([@B9], [@B10]). The MCC, or membrane compartment occupied by Can1, corresponds to 300-nm-long furrow-like invaginations that contain several transporters, including the Can1 arginine permease ([@B9]--[@B11]). In addition, members of the Sur7 and Nce102 families of tetraspan proteins that have four membrane-spanning domains are also present. The MCC domains are very stable and are thought to act as protected regions, since they are distinct from sites of endocytosis ([@B10], [@B12], [@B13]). Associated with the cytoplasmic side of the MCC is a complex of \>20 proteins known as the eisosome ([@B14]). Two important constituents are Pil1 and Lsp1, a paralogous pair of BAR domain proteins that oligomerize and promote membrane curvature to form a furrow ([@B15], [@B16]). Other resident proteins include the Pkh1 and Pkh2 protein kinases, which are important for regulating cell wall integrity, actin organization, and response to heat stress ([@B17], [@B18]). Additional PM domains are likely to exist ([@B19], [@B20]); however, MCC/eisosome domains are distinct in their high degree of stability and their association with membrane furrows.

Interestingly, deletion of *SUR7* in *C. albicans* showed that the absence of this conserved tetraspan protein from the MCC caused broad defects in cell wall synthesis, morphogenesis, a 2,000-fold increase in sensitivity to copper, poor growth in macrophages, and greatly attenuated virulence in a mouse model of hematogenously disseminated candidiasis ([@B21]--[@B23]). The *sur7Δ* mutant also displayed an unusual phenotype in that tubes of cell wall growth extend inwards into the cell. Sur7 is not present at sites of polarized growth, indicating that it may indirectly affect morphogenesis by influencing the organization of cell polarity proteins or lipids in the plasma membrane, such as ergosterol and phosphatidylinositol 4,5-bisphosphate \[PI(4,5)P~2~\], which has been implicated in polarized growth ([@B24], [@B25]).

The importance of Sur7 in *C. albicans* suggested that another family of tetraspan proteins, represented by Nce102, may contribute to virulence. In *C. albicans*, in addition to the conserved Nce102 protein, this family includes seven other proteins that are not highly conserved in other fungi. *S. cerevisiae* Nce102 was found to localize to MCC/eisosomes and to promote proper organization of these domains, possibly by acting as a sphingolipid sensor ([@B26], [@B27]). In contrast, *Ashbya gossypii* Nce102 was not critical for eisosome stability, highlighting the importance of investigating the role of MCC/eisosome proteins in different fungi ([@B28]). Another significant aspect of Nce102 family proteins is that they contain the four-transmembrane-helix domain termed MARVEL (*MA*L and *r*elated proteins for *ve*sicle trafficking and membrane *l*ink) ([@B29]). In animal cells, the MARVEL family of tetraspan proteins includes the myelin and lymphocyte (MAL), physins, gyrins, and occludin proteins. MARVEL proteins have been suggested to function where cholesterol-rich membranes become juxtaposed, such as in the formation of transport vesicles or at tight junctions ([@B29]). Although the exact function of the MARVEL proteins is not known, they carry out important roles, because mutations have been associated with serious diseases. For example, the human MARVEL proteins synaptophysin and synaptogyrin, which localize to neuronal transport vesicles, have been linked to schizophrenia ([@B30]). Mutations affecting the tight junction protein occludin have been associated with renal dysfunction and brain calcification ([@B31]).

In light of the emerging importance of both MCC/eisosomes and MARVEL domain proteins, we mutated the eight genes encoding MARVEL domain proteins in *C. albicans*, including *NCE102*. The results demonstrated that deletion of *NCE102* caused a unique defect in invasive hyphal growth and reduced virulence in mice. Additionally, *NCE102* is also significant because it was recently reported to be a target of a transcriptional regulatory circuit instrumental in commensal growth and virulence ([@B32]). Therefore, analysis of Nce102 identified novel ways in which *C. albicans* responds to its environment to undergo invasive growth and further highlights the importance of MCC/eisosomes in *C. albicans*, suggesting they may serve as a new target for the development of antifungal therapy.

RESULTS {#h1}
=======

Identification of eight MARVEL domain proteins in *C. albicans*. {#h1.1}
----------------------------------------------------------------

Amino acid sequence comparisons revealed seven uncharacterized *C. albicans* proteins in addition to Nce102 that show similarity to MARVEL domain family tetraspan proteins ([Fig. 1A](#fig1){ref-type="fig"}). The similarity is low across the family, aside from the subset of residues that are found in MARVEL proteins ([@B29]). To simplify discussion of the new MARVEL genes, we named them *MRV1* to *MRV8* in a manner consistent with the last digit of their systematic gene names. The similarity to MARVEL domain proteins is spread throughout the four membrane-spanning domains, as shown for Nce102 in [Fig. 1B](#fig1){ref-type="fig"}. Interestingly, six of the MARVEL genes are adjacent to each other in a cluster on chromosome 5 (orf19.3902, -3, -4, -5, -6, and -8 genes). This cluster is not conserved in other *Candida* species, and these proteins are not highly conserved in other fungi, as is Nce102. For example, although *S. cerevisiae* contains two proteins highly related to *C. albicans* Nce102 (Ca-Nce102) (*S. cerevisiae* Nce102 \[Sc-Nce102\] and Sc-Fhn1), consistent with a gene duplication event, the two other MARVEL family proteins present in *S. cerevisiae*, Ynr061c and Ydl218w, are not as highly related to the Mrv proteins in *C. albicans* ([Fig. 1A](#fig1){ref-type="fig"}). Furthermore, Nce102 appears to be more closely related to human synaptogyrin than to the Mrv proteins. Thus, the Nce102 family represents a distinct subset of the fungal MARVEL proteins.

![MARVEL domain proteins in *C. albicans*. (A) Cladogram of sequence relationships for MARVEL proteins from *C. albicans* and representatives from other species. The protein name is followed by the initials of the species in which it occurs: Ca, *C*. *albicans*; Sc, *S. cerevisiae*; Yl, *Yarrowia lipolytica*; Af, *Aspergillus fumigatus*; Hc, *Histoplasma capsulatum*; Hs, *Homo sapiens*; Cn, *Cryptococcus neoformans*. (B) Topology model of *C. albicans* Nce102. Black residues are conserved in the MARVEL domain. Red residues are highly conserved specifically in Nce102 proteins from different species.](mbo0061316790001){#fig1}

The *nce102Δ* mutant is defective in invasive growth. {#h1.2}
-----------------------------------------------------

An *nce102Δ* mutant was analyzed to determine if there were similarities to the phenotypes caused by mutating *SUR7*, which encodes a distinct type of tetraspan protein with similarity to the claudin proteins that are present at tight junctions ([@B21]--[@B23]). In contrast to *sur7Δ* cells, which produce altered cell walls, the *nce102Δ* mutant showed normal cell wall staining with calcofluor white and did not display significantly increased sensitivity to a variety of drugs and conditions that exacerbate cell wall defects. However, the *nce102Δ* strain was similar to the *sur7Δ* strain in that it displayed decreased invasion of agar ([Fig. 2A](#fig2){ref-type="fig"}). When it was spotted onto medium containing serum and 1.5% agar, hyphal growth did not emanate from the *nce102Δ* mutant into the surrounding agar as it did for the wild-type control strain, the *mrv1Δ* mutant, and a deletion mutant lacking the cluster of *MRV* genes on chromosome 5 (*mrv2-mrv8Δ*). Construction of double mutants and an octuple mutant lacking all eight MARVEL genes did not uncover other phenotypes. Thus, Nce102 plays a distinct role in invasive growth.

![Deletion of *NCE102* in *C. albicans* causes a defect in invasive growth under different hypha-inducing conditions. (A) *C. albicans* strains deleted for the indicated MARVEL family genes were spotted onto solid medium containing 4% bovine calf serum and 1.5% agar and then incubated at 37°C for 7 days. The *nce102Δ* strain exhibits the strongest invasion defect. (B) Strains were spotted onto 2.5 mM GlcNac and synthetic low-ammonia dextrose (SLAD) medium, both containing 1.0% agar, and incubated at 37°C for 7 days. (C) Indicated strains were embedded in yeast extract-peptone-sucrose (YPS) medium, grown for 3 or 5 days at 25°C, and compared to strains embedded in 4% bovine calf serum containing 1.5% agar. The *nce102Δ* strain embedded in YPS appears similar at day 5 to the wild type and the complemented strain to which a wild-type copy of *NCE102* was restored. Strains used were wild-type DIC185 (WT), an *nce102Δ* mutant (YHXW14), an *nce102Δ + NCE102* strain (YLD78-4-2-1), an *orf19.4691Δ* strain (YLD93-6-17-1), an *orf19.3902Δ* strain (YLD71-11-6-1), an *orf19.3902-orf19.3908Δ* strain (YLD82-4-13-1), an *nce102Δ 4691Δ* strain (YLD125-P), and *4691Δ 3902-3908Δ* strain (YLD107-P), and an *nce102Δ 3902-3908Δ 4691Δ* strain (YLD124-P).](mbo0061316790002){#fig2}

The *nce102Δ* mutant was also defective in invasive growth when spotted onto other types of media, including GlcNAc and low-ammonia medium (synthetic low-ammonia dextrose \[SLAD\]) ([Fig. 2B](#fig2){ref-type="fig"}), although the defect with serum agar appeared to be the strongest. Interestingly, the *nce102Δ* mutant showed only a delay in invading when embedded in yeast extract-peptone-sucrose (YPS) medium at room temperature but was strongly defective when embedded in agar containing 4% serum at 37°C ([Fig. 2C](#fig2){ref-type="fig"}).

The *nce102Δ* mutant invades well in a denser agar matrix. {#h1.3}
----------------------------------------------------------

The mutants were tested for invasion of a higher concentration of agar (4%) to determine if a stronger matrix would reveal phenotypes for the *mrvΔ* mutants. Previous studies with septin mutants demonstrated that their defect in invasion was worse at higher concentrations of agar, consistent with greater difficulty invading a denser matrix ([@B33]). No significant defects were detected for the *mrvΔ* mutants spotted onto 4% agar ([Fig. 3A](#fig3){ref-type="fig"}). Unexpectedly, the *nce102Δ* mutant invaded 4% agar better than it did 1.5% agar. To assess this systematically, *nce102Δ* and control strains were embedded in different concentrations of agar, between 0.5% and 6% ([Fig. 3B](#fig3){ref-type="fig"}). Interestingly, the *nce102Δ* mutant showed a strong defect when embedded in concentrations of agar below 2% but invaded well in higher concentrations of agar. Similar results were obtained with different batches of agar and also with purified agarose (not shown). Other mutants that have been reported to be defective in invasive growth did not show a similar phenotype, since they invaded serum agar well at both high and low agar concentrations ([Fig. 3C](#fig3){ref-type="fig"}). These mutants presumably failed to show a significant invasion defect with serum agar at 37°C, because they were initially identified as being defective under other conditions that are weaker inducers of invasive growth ([@B34]--[@B37]). Thus, *nce102Δ* displays a unique phenotype in that it is defective in invading low concentrations of agar but gets a compensating signal from a denser agar matrix that enables it to invade better.

![*C. albicans* nce102Δ\
invasive growth phenotype is suppressed at higher concentrations of agar. (A) Cultures of strains deleted for *C. albicans* MARVEL family genes were spotted onto 4% bovine calf serum containing 4% agar and incubated at 37 C for 7 days. (B) Indicated strains were embedded in increasing concentrations of agar containing 4% bovine calf serum and incubated at 37°C for 5 days. When embedded in 4% and 6% agar, the *nce102Δ* mutant appears similar to the wild-type and complemented strains. (C) Hyphal signal transduction pathway mutant strains were embedded in 4% bovine calf serum containing 1.5% agar or 6.0% agar and incubated at 37°C for 5 days. Only the *nce102Δ* mutant exhibited a defect in hyphal growth when embedded in 1.5% agar. Strains used included the wild-type, DIC185, *nce102Δ* (YHXW14), *nce102Δ* + *NCE102* (YLD78-4-2-1), *orf19.4691Δ* (YLD93-6-17-1), *orf19.3902Δ* (YLD71-11-6-1), *orf19.3902-orf19.3908Δ* (YLD82-4-13-1), *nce102Δ 4691Δ* (YLD125-P), *4691Δ 3902-3908Δ* (YLD107-P), *nce102Δ 3902-3908Δ 4691Δ* (YLD124-P), *cph1Δ* (SN180), *mkc1Δ* (DSY3332), and *msb2Δ* (CAGC056) strains.](mbo0061316790003){#fig3}

Nce102 plays a minor role in regulating *C. albicans* MCC/eisosomes. {#h1.4}
--------------------------------------------------------------------

Nce102 was found to localize to MCC/eisosomes in *S. cerevisiae* and was proposed to affect the formation of these domains by regulating the Pkh1/2 kinases in response to sphingolipid levels ([@B13], [@B27]). In *C. albicans* cells that were grown to saturation, we found that Nce102-green fluorescent protein (GFP) localized to punctate domains that colocalized with Sur7-GFP and Lsp1-GFP ([Fig. 4A and B](#fig4){ref-type="fig"}). However, in contrast to the case with *S. cerevisiae*, Nce102-GFP in log-phase cells was enriched in MCC/eisosomes and was not restricted to these domains ([Fig. 4C](#fig4){ref-type="fig"}). As cells entered stationary phase, Nce102-GFP levels increased about 2-fold and Nce102-GFP was more highly restricted to punctate MCC/eisosome domains. The fact that Nce102-GFP was not restricted to MCC/eisosomes in log-phase cells made it difficult to determine whether blocking sphingolipid synthesis with myriocin would cause it to move out of MCC/eisosomes, as occurs in *S. cerevisiae* ([@B27]). Deletion of *NCE102* from *C. albicans* caused about a 2-fold decrease in MCC/eisosomes ([Fig. 4D](#fig4){ref-type="fig"}), similar to the case with an Sc-*nce102Δ* mutant. However, the *C. albicans nce102Δ* cells showed typical punctate localization of Lsp1-GFP and Sur7-GFP, whereas these proteins are partially mislocalized in an Sc-*nce102Δ* mutant ([@B13], [@B27]).

![Nce102-GFP localizes to MCC/eisosomes in saturated cultures. (A) Cells engineered to produce the indicated GFP fusion protein were imaged by deconvolution microscopy. Top and midsection images of the indicated cell types are shown to demonstrate the punctate pattern of MCC/eisosomes. (B) Cells showing the colocalization of Nce102-GFP with Lsp1-RFP in a top view of the cell or with Sur7-GFP in a midsection of the cell. (C) Localization patterns for the indicated GFP fusion protein in cells from log-phase (top panels) and saturated (bottom panels) cultures. Note that Nce102-GFP is more punctate in saturated cultures. (D) Punctate localization of Lsp1-GFP and Sur7-GFP in *nce102Δ* cells. Strains expressed the following fusion genes in a wild-type strain: *NCE102-GFP* (YHXW15), *LSP1-GFP* (YLD76-1), *SUR7-GFP* (YHXW4), *NCE102-GFP LSP1-RFP* (YLD168-4), and *NCE102-GFP SUR7-RFP* (YLD138-17). The *nce102Δ LSP1-GFP* strain was YLD84-1, and the *nce102Δ SUR7-GFP* strain was YHXW-16.](mbo0061316790004){#fig4}

A potential consequence of deleting *NCE102* is to alter the function of the Pkh kinases. In *S. cerevisiae*, Pkh1 and its redundant paralog Pkh2, homologs of the mammalian 3-phosphoinositide-dependent kinase, localize to eisosomes ([@B27], [@B38]). They affect diverse functions, including cell wall synthesis, since they are regulators of the Pkc1, Ypk1, and Sch9 protein kinases. *C. albicans* has an ortholog of Pkh1 and the more distantly related Pkh3 but not Pkh2. Deletion of *PKH1* did not cause a defect in invasive growth, even though the *pkh1Δ* mutant cells were more sensitive to SDS and Congo red, which is typical for mutants with cell wall defects ([Fig. 5A and B](#fig5){ref-type="fig"}). It was interesting that *pkh1∆* was viable, since in *S. cerevisiae* deletion of both *PKH1* and *PKH2* is lethal ([@B39]). The *pkh3∆* mutant was sensitive to SDS, although the phenotype was weaker than that for *pkh1∆*. Deletion of one copy of *PKH3* from the *pkh1∆* mutant caused a further increase in sensitivity to SDS and Congo red, but this mutant still invaded well ([Fig. 5A and B](#fig5){ref-type="fig"}). We failed to isolate a *pkh1∆ pkh3∆* double mutant, suggesting it may be lethal. Altogether, these results suggest that *nce102Δ* does not affect invasive growth by decreasing the function of the Pkh kinases.

![*C. albicans* PKH\
kinase mutants do not exhibit an invasive hyphal growth defect. (A) Indicated strains were spotted onto 4% BCS containing 1.5% agar and incubated at 37°C for 7 days. (B) Serial dilutions of the indicated strains were spotted onto YPD agar medium, YPD containing 0.06% SDS, and YPD containing 40 µg/ml Congo red and then incubated at 30°C for 48 h. The *pkh1Δ* mutant strain carrying only one copy of *PKH3* demonstrated greater sensitivity to both cell wall-damaging agents, SDS and Congo red, than either the *pkh1Δ* or *pkh3Δ* single mutant strain. Strains used included the wild type, DIC185, and the *nce102Δ* (YHXW14), *pkh1Δ* (YLD91-1-9-1), *pkh3Δ* (YLD95-4-5-2), and *pkh1Δ pkh3Δ*/*PKH3* (YLD146-6-54-1) strains.](mbo0061316790005){#fig5}

The *nce102Δ* mutant is defective in hyphal morphogenesis. {#h1.5}
----------------------------------------------------------

A time course assay to examine the *nce102Δ* defect in invasive growth showed that 7 h after being spotted onto a serum agar plate, the *nce102Δ* mutant had formed fewer hyphae than the wild type, and the hyphae that were present were shorter ([Fig. 6A](#fig6){ref-type="fig"}). After 17 h, the *nce102Δ* mutant had mostly reverted to budding, as only a few short hyphae were evident. The ability to form hyphae in liquid culture without an agar matrix was examined by incubating cells with different concentrations of serum. Whereas wild-type cells began forming filamentous cells with 1% serum and most cells were hyphal with 10% serum, the *nce102Δ* mutant did not form a significant number of hyphal cells until it was exposed to 30% serum ([Fig. 6B](#fig6){ref-type="fig"}). Since adenylyl cyclase and its regulators Ras1 and Csc25, which induce hyphal growth, are PM proteins that could potentially be affected by deletion of *NCE102*, we tested the ability of cAMP to directly stimulate hyphal growth ([Fig. 6C](#fig6){ref-type="fig"}). Although the cell-permeating analog dibutyryl-cAMP (db-cAMP) stimulated hyphal formation in the wild type as expected, the *nce102Δ* mutant was not induced to form hyphae. Since db-cAMP can bypass adenylyl cyclase to stimulate hyphal formation, these results indicate that *nce102Δ* affects a distinct aspect of hyphal induction. Interestingly, the *nce102Δ* mutant was not suppressed by overexpression of 10 different protein kinase genes that are involved in hyphal signaling, including *TPK1*, *TPK2*, *CEK1*, *HST7*, *STE11*, *MKC1*, *PKC1*, *HOG1*, *CEK2*, and *CST20* (not shown). This overexpression approach was used previously to determine that Cek1 and Mkc1 act downstream of Rac1 in invasive growth ([@B40]). These results suggested that the invasive growth defect of *nce102Δ* cells was likely due to another aspect of hyphal growth.

![The *C. albicans nce102Δ* strain exhibits defects in hyphal initiation and maintenance. (A) The wild-type, DIC185, and *nce102Δ* (YHXW14) strains were diluted and spotted onto the surface of a solid 4% bovine calf serum plate containing 1.5% agar. The plate was incubated at 37°C and photographed at 7 and 17 h. (B) Log-phase cultures were diluted to 1 × 10^6^ cells/ml in 0, 1, 3, 10, and 30% bovine calf serum, incubated at 37° C for 1.75 h, and examined for hyphal development. In contrast to the wild-type (DIC185) cells, *nce102Δ* (YHXW14) cells exhibited hyphal growth only in 30% BCS. (C) Log-phase cells were mixed with either sterile deionized H~2~O or dibutyryl-cAMP (db-cAMP), final concentration of 30 mM, and incubated at 37° C for 5 h. In contrast to those of the wild type, *nce102Δ* cells failed to develop hyphal filaments when incubated in db-cAMP.](mbo0061316790006){#fig6}

Deletion of *NCE102* causes a defect in actin organization. {#h1.6}
-----------------------------------------------------------

Actin localization was investigated in the *nce102Δ* mutant, since it is important for normal morphogenesis and it is also implicated in hyphal signaling ([@B41], [@B42]). Interestingly, phalloidin staining revealed that *nce102Δ* mutants have a defect in actin organization ([Fig. 7A](#fig7){ref-type="fig"}). There were fewer actin cables emanating from the leading edge of growth back into the mother cells, and the cables that were present appeared smaller and less distinct. Although actin patches were primarily localized to the bud in *nce102Δ* cells, some patches were also detected in the mother cells. The *nce102Δ* cells were rounder than those of the wild type ([Fig. 7B](#fig7){ref-type="fig"}), which is also an indicator of an actin defect ([@B43], [@B44]). In contrast, *nce102Δ* cells growing invasively into 4% agar showed actin organization similar to that of the wild type ([Fig. 7E](#fig7){ref-type="fig"}), as judged by analysis of strains engineered to produce the actin-binding protein LIFEACT-GFP ([@B45]).

![The *nce102Δ* mutant displays actin mislocalization and an invasive growth phenotype, similar to the *bni1Δ* formin mutant. (A) Log-phase cells of the indicated strains were fixed with formaldehyde and then stained with rhodamine-phalloidin to detect the localization of actin patches and cables. (B) The width/length ratio of 100 mother cells of each indicated strain was determined. A significant difference in the width/length ratio of *nce102Δ* yeast cells from those of the wild type and complemented strains was observed (*P* \< 0.001). (C) Two independent *bni1Δ* isolates were spotted onto solid 4% bovine calf serum medium containing either 1.5% agar or 4.0% agar and incubated at 37° C for 7 days. A high agar concentration rescued the hyphal defect of both the *nce102Δ* and *bni1*Δ mutant strains. (D) Serial dilutions of the indicated strains were spotted onto YPD agar medium in the absence or presence of 0.06% SDS and then incubated at 30°C for 48 h. Strains used were the wild type (DIC185) and the *nce102Δ* (YHXW14), complemented *nce102Δ* + *NCE102* (YLD78-4-2-1), and *bni1Δ* (YLD164-4) strains. (E) Actin localization in hyphal filaments invading 4% serum agarose. Actin was visualized by introducing LIFEACT-GFP under control of the *TDH3* promoter into wild-type and *nce102Δ* cells.](mbo0061316790007){#fig7}

To further assess the effects of actin mislocalization, a *bni1Δ* mutant, which lacks the Bni1 formin protein that promotes actin filament formation, was examined. *bni1Δ* mutants are similar to *nce102Δ* mutants in that they mislocalize actin, and they have a defect in hyphal growth that is not rescued by addition of exogenous cAMP ([@B43]). Interestingly, we found that the *bni1Δ* mutant was also similar to the *nce102Δ* mutant in failing to invade a low concentration of agar (1.5%) but invading well in a higher concentration (4%) ([Fig. 7C](#fig7){ref-type="fig"}). In addition, the *bni1Δ* and *nce102Δ* mutants were both sensitive to SDS ([Fig. 7D](#fig7){ref-type="fig"}). These similarities indicate that the defect in actin organization underlies the failure of *nce102Δ* mutants to undergo invasive hyphal growth into low concentrations of agar.

The *nce102Δ* mutant is less virulent and forms abnormal hyphae *in vivo*. {#h1.7}
--------------------------------------------------------------------------

The *nce102Δ* mutant was examined using a mouse model of hematogenously disseminated candidiasis in which BALB/c mice were infected via the lateral tail vein. Mice infected with either the wild type or the complemented control strain succumbed rapidly to infection, since most were moribund by day 2 ([Fig. 8A](#fig8){ref-type="fig"}). In contrast, the median time for mice infected with the *nce102Δ* mutant cells to become moribund was 7 days. There was no significant difference in the fungal load in the kidneys of moribund mice, since the numbers of CFU/g were essentially the same ([Fig. 8B](#fig8){ref-type="fig"}). These data suggest that although it takes longer for disease to develop, the *nce102Δ* mutant can grow to high levels *in vivo*. However, the distribution of fungal cells in the kidney was different in the moribund mice. Histological analysis revealed that wild-type cells were disseminated in foci around the cortex of the kidney, whereas the *nce102Δ* mutant cells were found primarily in the region of the kidney that exits to the bladder ([Fig. 8C](#fig8){ref-type="fig"}). This difference may be due to the different length of time it takes for the infection to progress ([@B46]). Interestingly, *nce102Δ* cells recovered from kidney homogenates showed a wide degree of morphological variation compared to those of the wild type ([Fig. 8C](#fig8){ref-type="fig"}). Whereas the wild-type cells were found primarily as long hyphae with parallel walls, the *nce102Δ* cells were frequently wider and more rounded, indicating a defect in hyphal formation *in vivo* similar to what was seen *in vitro*.

![Attenuated virulence of the *C. albicans nce102Δ* mutant in a mouse model of hematogenously disseminated candidiasis. BALB/c mice were injected via the lateral tail vein with 1 × 10^6^ cells. (A) Survival curves of mice infected with the *nce102Δ* (YHXW14), wild-type (DIC185), and complemented *nce102Δ* + *NCE102* (YLD78-4-2-1) strains. (B) Determination of CFU per gram of kidney tissue in mice that were euthanized when they became moribund or at the end of the experiment on day 28, as indicated in panel A. (C) (Left panels) Kidneys were excised from mice infected with the wild-type (DIC185) and complemented *nce102Δ* + *NCE102* (YLD78-4-2-1) strains for 2 days, and a mouse was infected with the *nce102Δ* (YHXW14) strain that became moribund after 12 days. Kidney sections were stained by the periodic acid-Schiff staining (PAS) staining method, which stains the *C. albicans* cells a dark magenta color (see the arrows for examples). Kidney tissue infected with the wild-type or complemented strains demonstrated a high level of penetration by hyphal filaments emanating from multiple sites in the outer cortex. In contrast, *nce102Δ* cells were mostly restricted to the region of the kidney that exits to the bladder (right panels). Kidney tissue homogenates were stained with calcofluor white and then examined by fluorescence microscopy using a 100× objective. The *nce102Δ* mutant cells displayed a more pseudohyphal morphology than either the wild-type or complemented strain.](mbo0061316790008){#fig8}

DISCUSSION {#h2}
==========

*nce102Δ* causes a novel invasive growth phenotype. {#h2.1}
---------------------------------------------------

MCC/eisosomes are under investigation to identify novel ways in which the PM contributes to virulence. Nce102 was targeted because it localizes to these punctate domains in *S. cerevisiae* and because Sur7, a distinct tetraspanner that localizes to MCC/eisosomes, is important for *C. albicans* virulence due to its broad roles in morphogenesis, cell wall synthesis, PM organization, and resistance to copper ([@B23]). However, the phenotypes caused by deletion of *NCE102* in *C. albicans* were distinct from those caused by deleting *SUR7*. The *nce102Δ* mutant cells displayed the novel phenotype of failing to invade low concentrations of agar but invading well in higher concentrations. Nce102 is also important for pathogenesis of *C. albicans*, since the *nce102Δ* mutant showed reduced virulence in mice ([Fig. 8](#fig8){ref-type="fig"}). The *nce102Δ* mutant cells formed hyphae with altered morphology *in vivo*, which likely diminishes their ability to grow invasively and may also make them more susceptible to recognition and attack by the immune system. Consistent with this, a separate study found that there were fewer CFU/g of the *nce102Δ* mutant in the kidney when the *nce102Δ* cells were infected as part of a pool of mutants ([@B32]). This study by Perez et al. also provided further support for the significance of Nce102 in virulence, because they identified *NCE102* as a key target of a transcriptional regulatory circuit that is important for both commensal and pathogenic growth of *C. albicans* ([@B32]).

Actin mislocalization underlies *nce102Δ* invasive growth defect. {#h2.2}
-----------------------------------------------------------------

The novel invasive growth defect of *nce102Δ* cells is different from the phenotypes caused by mutating the signal pathways that stimulate hyphal growth ([Fig. 3C](#fig3){ref-type="fig"}). Furthermore, hyphal growth of *nce102Δ* cells was not rescued by addition of db-cAMP, indicating that altered function of adenylyl cyclase and its regulators in the PM was not the cause ([Fig. 6C](#fig6){ref-type="fig"}). Similarly, *nce102Δ* was not suppressed by overexpression of 10 different protein kinase genes that are involved in downstream aspects of hyphal signaling ([@B40]). Deletion analysis of *PKH1* and *PKH3*, which encode two protein kinases that are localized to MCC/eisosomes in *S. cerevisiae*, did not implicate these important regulators in the *nce102Δ* phenotype ([Fig. 5](#fig5){ref-type="fig"}). These results suggested that actin might be altered in the *nce102Δ* cells, rather than cell signaling proteins, since actin has complex roles in hyphal induction. Actin cables are important for transporting secretory vesicles to the apex of growth in buds or hyphae to promote polarized morphogenesis. In addition, actin filaments are important for induction of hypha-specific genes ([@B42], [@B47]). Further evidence for a role of actin dynamics in hyphal induction comes from the discovery that G-actin forms a complex with adenylyl cyclase (Cyr1) and Srv2 that is required for activation of cAMP production ([@B41]).

Phalloidin staining revealed that *nce102Δ* cells display altered actin localization ([Fig. 7](#fig7){ref-type="fig"}). In particular, actin cables were not readily detected as they were in wild-type cells. Actin patches were localized primarily to the buds, but some mislocalization to the mother cells was evident. In contrast, *nce102Δ* hyphae growing invasively into 4% agar displayed obvious actin cables, similar to the wild type. The link between actin organization and the *nce102Δ* phenotype was strengthened by detection of a similar invasive growth defect caused by deletion of *BNI1*, which encodes a formin protein that promotes actin polymerization. The *bni1Δ* mutant cells failed to invade low concentrations of agar (1.5%) but invaded well in 4% agar ([Fig. 7](#fig7){ref-type="fig"}). This phenotype is indicative of a special kind of actin defect, since the *rvs161Δ* ([@B48]), *rvs167Δ* ([@B48]), and *arp2Δ* ([@B49]) mutants did not invade well in low or high concentrations of agar (not shown).

Nce102 appears to carry out a role in actin organization that is different from that of Bni1, since the details of their mutant phenotypes are distinct. The *nce102Δ* mutant cells can form normal-looking hyphae if given a higher dose of serum than is required for the wild type ([Fig. 6](#fig6){ref-type="fig"}). The *bni1Δ* mutant can initiate germ tube formation at doses similar to those for the wild type but does not maintain the highly polarized state and instead forms wider hyphae ([@B43], [@B44]). The *sur7Δ* mutant also has defects in actin localization and invasive growth, indicating that other components of MCC/eisosomes can influence actin organization ([@B21]). However, it is not clear how Sur7 influences actin, since MCC/eisosomes are distinct from sites of actin localization. In contrast, Nce102 was not restricted to MCC/eisosomes in log-phase cells ([Fig. 4](#fig4){ref-type="fig"}) and could therefore signal to actin from outside the MCC.

Role of Nce102 in PM organization. {#h2.3}
----------------------------------

Deletion of *NCE102* caused about a 2-fold decrease in eisosome formation in *C. albicans*. Other aspects of PM organization seemed normal in the *nce102Δ* mutant, since we did not observe the extended invaginations of the cell wall or mislocalization of septin proteins that were seen in the *sur7Δ* cells. Thus, the effects of Nce102 appear relatively specific to actin organization. In contrast, an *S. cerevisiae nce102Δ* mutant displayed a stronger defect in that it also showed more diffuse localization of Sur7-GFP, which is one of the most stable MCC components, as well as altered localization of Pil1-GFP, Can1-GFP, and ergosterol ([@B13], [@B27]). Actin localization was not investigated in the Sc-*nce102Δ* mutant, but it is interesting that *NCE102* expression is upregulated during invasive growth ([@B50]). Other studies revealed that an *nce102Δ* mutant of *Schizosaccharomyces pombe* produced fewer eisosomes and shorter versions of the long eisosomes typically formed in this species ([@B51]), and an *nce102Δ* mutant in *Aspergillus fumigatus* was defective in spore production ([@B52]). However, deletion of *NCE102* from *A. gossypii* did not cause a significant defect in eisosome production ([@B28]), indicating that Nce102 function varies in different organisms.

MARVEL domain proteins. {#h2.4}
-----------------------

MARVEL domain proteins comprise a subset of tetraspan proteins that carry out key functions in a wide range of cell types. Their mutation has been implicated in human diseases, such as schizophrenia and inflammation ([@B29]). One of their hallmarks is that MARVEL proteins are frequently identified at sites of membrane apposition. For example, synaptogyrin is found at sites of various stages of the synaptic vesicle cycle, including vesicle biogenesis, exocytosis, and endocytic recycling. Other MARVEL proteins, such as occludin, are found at tight junctions. A common aspect of many of the MARVEL proteins in animal cells is that they are present in cholesterol-rich raft regions and are therefore thought to be responsible for bringing specialized membrane domains into apposition. Interestingly, MCC/eisosome regions are thought to be enriched in ergosterol ([@B53]). If Nce102 is similarly involved at sites of membrane apposition, the most likely possibility is that it mediates an interaction across the PM furrows that were discovered at MCC/eisosomes in *S. cerevisiae* ([@B11]). This model could also explain why Nce102 influences the formation of the membrane furrows in *S. cerevisiae* ([@B26], [@B27]).

It was surprising that deletion of the other 7 MARVEL genes in *C. albicans* did not cause a readily detectable phenotype. Systematic gene deletion studies in *S. cerevisiae* also have not identified strong phenotypes for mutation of the two uncharacterized MARVEL genes, *YNR061c* and *YDL281w*. Interestingly, the MARVEL domain proteins in human cells that have been studied have not been reported to be essential for viability but do play important regulatory roles. For example, mice lacking occludin, the first integral membrane protein found at tight junctions, formed morphologically and functionally normal tight junctions, although they showed altered permeability ([@B54], [@B55]). Mice lacking the synaptic vesicle protein synaptogyrin did not show striking phenotypes ([@B56]), likely due to genetic redundancy, but mutations in the synaptogyrin 1 gene have been implicated in schizophrenia ([@B30]). Mutation of MAL in mice causes defects in protein sorting in the PM ([@B57]). Although the specific functions of these MARVEL proteins are not known, analysis of Nce102 in *C. albicans* suggests that some of the functions of the other MARVEL proteins could be mediated through effects on actin. In this regard, it is interesting that occludin promotes proper actin localization at tight junctions ([@B55], [@B58]). These similarities also suggest that MCC/eisosomes in *C. albicans* could be targeted for antifungal therapy in a manner analogous to the way in which drugs that alter tetraspan proteins in tight junctions and other microdomains in human cells are being identified ([@B59], [@B60]).

MATERIALS AND METHODS {#h3}
=====================

Strains and media. {#h3.1}
------------------

The *C. albicans* strains used in this study ([Table 1](#tab1){ref-type="table"}) were grown in rich yeast extract-peptone-dextrose (YPD) medium with uridine (80 mg/ml) or in synthetic medium made with yeast nitrogen base (YNB) and lacking the appropriate nutrients.

###### 

*C. albicans* strains used in this study

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Strain          Parent        Genotype
  --------------- ------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  BWP17           Sc5314        *ura3Δ*::*λimm434*/*ura3Δ*::*λimm434 his1*::*hisG*/*his1*::*hisG arg4*::*hisG*/*arg4*::*hisG*

  DIC185          BWP17         *ura3Δ*::*λimm434*/*URA3 his1*::*hisG*/*HIS1 arg4*::*hisG*/*ARG4*

  YHXW14          YHXW13        *nce102∆*::*ARG4*/*nce102∆*::*HIS1 URA3*/*ura3Δ*::*λimm434 his1*::*hisG*/*his1*::*hisG arg4*::*hisG*/*arg4*::*hisG*

  YLD78-4-2-1     YHXW13        *nce102∆*::*ARG4*/*nce102∆*::*HIS1 NCE102*::*URA3 ura3Δ*::*λimm434*/*ura3Δ*::*λimm434 his1*::*hisG*/*his1*::*hisG arg4*::*hisG*/*arg4*::*hisG*

  YLD71-11-6-1    YLD68-11-6    *orf19.3902∆*::*ARG4*/*orf19*.*3902Δ*::*HIS1 URA3*/ *ura3Δ*::*λimm434 his1*::*hisG*/*his1*::*hisG arg4*::*hisG*/*arg4*::*hisG*

  YLD82-4-13-1    YLD81-4-13    *orf19.3902-orf19.3908∆*::*ARG4*/*orf19*.*3902-orf19*.*3908Δ*::*HIS1 URA3*/ *ura3Δ*::*λimm434 his1*::*hisG*/*his1*::*hisG arg4*::*hisG*/*arg4*::*hisG*

  YLD93-6-17-1    YLD90-6-17    *orf19.4691∆*::*ARG4*/*orf19*.*4691Δ*::*HIS1 URA3* / *ura3Δ*::*λimm434 his1*::*hisG*/*his1*::*hisG arg4*::*hisG*/*arg4*::*hisG*

  YLD107-P        YLD104-P      *nce102∆*::*ARG4*/*nce102∆*::*HIS1 orf19*.*3902-orf19*.*3908Δ*/*orf19*.*3902Δ-orf19*.*3908∆ URA3*/ *ura3Δ*::*λimm434 his1*::*hisG*/*his1*::*hisG arg4*::*hisG*/*arg4*::*hisG*

  YLD125-P        YLD123-P      *nce102∆*::*ARG4*/*nce102∆*::*HIS1 orf19*.*4691Δ*/*orf19*.*4691Δ URA3*/ *ura3Δ*::*λimm434 his1*::*hisG*/*his1*::*hisG arg4*::*hisG*/\
                                *arg4*::*hisG*

  YLD122-P        YLD118-P      *orf19.4691Δ*::*ARG4*/*orf19*.*4691Δ*::*HIS1 orf19*.*3902-orf19*.*3908Δ*/ *orf19*.*3902-orf19*.*3908Δ URA3*/*ura3Δ*::*λimm434*\
                                *his1*::*hisG*/*his1*::*hisG arg4*::*hisG*/*arg4*::*hisG*

  YLD124-P        YLD120-P      *nce102∆*::*ARG4*/*nce102∆*::*HIS1 orf19*.*3902-orf19*.*3908Δ*/*orf19*.*3902Δ-orf19*.*3908Δ orf19*.*4691Δ*/*orf19*.*4691Δ URA3*/\
                                *ura3Δ*::*λimm434 his1*::*hisG*/*his1*::*hisG arg4*::*hisG*/*arg4*::*hisG*

  YLD91-1-9-1     YLD89-1-9     *pkh1Δ*::*ARG4*/*pkh1Δ*::*HIS1 URA3*/*ura3Δ*::*λimm434 his1*::*hisG*/*his1*::*hisG arg4*::*hisG*/*arg4*::*hisG*

  YLD95-4-5-2     YLD92-4-5     *pkh3Δ*::*ARG4*/*pkh3Δ*::*HIS1 URA3*/*ura3Δ*::*λimm434 his1*::*hisG*/*his1*::*hisG arg4*::*hisG*/*arg4*::*hisG*

  YLD146-6-54-1   YLD135-6-54   *pkh1Δ*::*ARG4*/*pkh1Δ*::*HIS1 pkh3Δ URA3*/*ura3Δ*::*λimm434 his1*::*hisG*/*his1*::*hisG arg4*::*hisG*/*arg4*::*hisG*

  YHXW15          BWP17         *ura3Δ*::*λimm434*/*ura3Δ*::*λimm434 his1*::*hisG*/*his1*::*hisG arg4*::*hisG*/*arg4*::*hisG NCE102-GFPγ*::*URA3*

  YLD76-1         BWP17         *ura3Δ*::*λimm434*/*ura3Δ*::*λimm434 his1*::*hisG*/*his1*::*hisG arg4*::*hisG*/*arg4*::*hisG LSP1-GFPγ*::*URA3*

  YLD84-1         YHXW13        *nce102∆*::*ARG4*/*nce102∆*::*HIS1 ura3Δ*::*λimm434*/*ura3Δ*::*λimm434 his1*::*hisG*/*his1*::*hisG arg4*::*hisG*/*arg4*::*hisG*\
                                *LSP1-GFPγ*::*URA3*

  YLD138-17       YHXW15        *ura3Δ*::*λimm434*/*ura3Δ*::*λimm434 his1*::*hisG*/*his1*::*hisG arg4*::*hisG*/*arg4*::*hisG NCE102-GFPγ*::*URA3*\
                                *SUR7-RFP*::*ARG4*

  YLD168-4        LLF018A       *ura3Δ*::*λimm434*/*ura3Δ*::*λimm434 his1*::*hisG*/*his1*::*hisG arg4*::*hisG*/*arg4*::*hisG LSP-RFP*::*ARG4*\
                                *NCE102-GFPγ*::*URA3*

  YHXW-4          BWP17         *ura3Δ*::*λimm434*/*ura3Δ*::*λimm434 his1*::*hisG*/*his1*::*hisG arg4*::*hisG*/*arg4*::*hisG SUR7-GFPγ*::*URA3*

  YHXW-16         YHXW-13       *nce102∆*::*ARG4*/*nce102∆*::*HIS1 ura3Δ*::*λimm434*/*ura3Δ*::*λimm434 his1*::*hisG*/*his1*::*hisG arg4*::*hisG*/*arg4*::*hisG*\
                                *SUR7-GFPγ*::*URA3*

  YLD164-4        YSM48-1       *bni1Δ*::*ARG4*/*bni1Δ*::*HIS1 URA3*/*ura3Δ*::*λimm434 his1*::*hisG*/*his1*::*hisG arg4*::*hisG*/*arg4*::*hisG*

  SN180           SN152         *cph1Δ*::*LEU2*/*cph1Δ*::*HIS1 ura3Δ*::*λimm434*/*ura3Δ*::*λimm434 his1*::*hisG*/*his1*::*hisG arg4*::*hisG*/*arg4*::*hisG*

  DSY3332                       *mkc1Δ*::*UAU*/*mkc1*::*URA3 his1*::*hisG*/*his1*::*hisG leu2*/*leu2 arg4*/*arg4*

  CAGCO56                       *msb2Δ*::*UAU*/*msb2*::*URA3 his1*::*hisG*/*his1*::*hisG leu2*/*leu2 arg4*/*arg4*
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Homozygous gene deletion mutant strains were constructed with strain BWP17 ([@B61]) by the sequential deletion of both copies of the targeted gene (*C. albicans* is diploid). Gene deletion cassettes were generated by PCR amplification of the *ARG4* or *HIS1* selectable marker gene, using primers that also included 80 bp of DNA sequence homologous to the upstream or downstream region of the targeted open reading frame. Cells that had undergone homologous recombination to delete the targeted gene were identified by PCR analysis using a combination of primers flanking sites of cassette integration and internal primers. A reconstituted strain, in which the *nce102Δ* mutation was complemented by the reintroduction of a wild-type copy of *NCE102*, was constructed by using PCR to amplify the entire open *NCE102* reading frame plus \~1,000 bp upstream and 300 bp downstream and then cloning it between the SacI and SacII restriction sites in the plasmid pDDB57. The plasmid was linearized by restriction digestion in the promoter region and then transformed into the *nce102Δ* strain using *URA3* for selection.

Homozygous double and triple deletion mutation strains were constructed by sequential deletion of both copies of the targeted gene using the *SAT1* flipper method ([@B62]). Gene deletion cassettes containing a nourseothricin resistance marker *CaSAT1*, and a modified flippase gene, *CaFLP*, were generated by PCR amplification using primers that also included 80 bp of DNA sequence homologous to the upstream and downstream regions of the targeted open reading frame. The appropriate mutants were identified by PCR analysis using a combination of primers outside the sites of cassette integration and internal primers. Deletion strains used in all assays were transformed with a *URA3*-containing fragment to complement the remaining auxotrophy. The plasmid pBSK-*URA3* was digested with the restriction enzymes Pst1 and Not1 to liberate the *URA3-IRO1* sequence, which was then transformed into the mutant strains for integration by homologous recombination to restore *URA3* at its native locus.

*C. albicans* strains expressing *NCE102-GFP*, *SUR7-GFP*, or *LSP1-GFP* were constructed by homologous recombination of GFP sequences into the 3′ end of the open reading frame of the designated gene. In brief, PCR primers containing \~70 bp of sequence homologous to the 3′ end of the open reading frame were used to amplify a cassette containing a version of enhanced GFP (*C. albicans* GFPγ) and a *URA3* selectable marker ([@B63]). This cassette was transformed into either *C. albicans* wild-type strain BWP17 or the *nce102Δ* mutant, and the Ura^+^ colonies were screened to identify those carrying the GFP fusion protein. Cells carrying *NCE102-GFP* were also tagged with red fluorescent protein (RFP) sequences in the 3′ end of either the *SUR7* or *LSP1* open reading frame. Primers containing \~70 bp of sequence homologous to the 3′ end of the *SUR7* or *LSP1* open reading frame were used to amplify a cassette containing a cherry version of RFP ([@B64]) and an *ARG4* selectable marker that was transformed into an *NCE102*-*GFP* fusion strain. To visualize actin, PCR primers were used to amplify a cassette containing the LIFEACT-GFP gene and *URA3* that was optimized for *C. albicans* ([@B49]), which was then introduced into the genome by homologous recombination to place the fusion gene under control of the *TDH3* promoter.

Hyphal growth assays. {#h3.2}
---------------------

Invasive growth of *C. albicans* strains in agar was assayed by spotting 2 µl of a 1 × 10^7^-cells/ml dilution of an overnight YPD culture grown at 30°C onto the surface a semisolid medium containing 4% bovine calf serum (BCS) and the indicated concentrations of agar. Plates were incubated at 37°C for 7 days and then photographed. To assess invasive growth under embedding conditions, *C. albicans* strains were grown overnight in YPD at 30°C, diluted to 4 × 10^4^ cells/ml in YPD, and incubated at 30 C for 4 to 5 h. Approximately 200 cells were then mixed with melted and cooled yeast extract-peptone-sucrose (YPS) medium containing 1.6% agar and incubated at 25°C for 3 or 5 days or mixed with melted and cooled 4% BCS containing 0.5, 1.5, 2, 4, or 6% agar and incubated for 5 days at 37°C. To assess hyphal growth in liquid, log-phase cells were diluted to 1 × 10^6^ cells/ml in 0, 1, 3, 10, and 30% BCS and incubated for 1.75 h at 37°C. Microscopic images were then captured using an Olympus BH2 microscope equipped with a Zeiss AxioCam camera. To examine hyphal growth following exposure to the cAMP analog, *N*^6^,2′-*O*-dibutyryladenosine 3′,5′-cyclic monophosphate (db-cAMP) (Sigma Chemical Co.), log-phase cells grown in YNB medium containing 2% galactose at 37°C were diluted to 3 × 10^4^ cells/ml in YNB medium containing 2% galactose, and 120 µl was added to wells of a 96-well polystyrene plate (Costar; Corning Inc., Corning, NY) with either 30 µl of sterile deionized H~2~O or 150 mM db-cAMP, for a final concentration of 30 mM. The plate was incubated at 37°C for 5 h and photographed using a Zeiss Axiovert 200 M microscope equipped with an AxioCam HRm camera.

Fluorescence microscopy. {#h3.3}
------------------------

To assess actin localization by phalloidin staining, log-phase cells grown in YPD at 30°C were initially fixed in 5% formaldehyde for 75 min at 30°C, followed by incubation at room temperature for 30 min in 0.1 M potassium phosphate buffer (pH 7.5) containing 0.1% Triton X-100. After the cells were washed two times in 0.1 M potassium phosphate buffer (pH 7.5), 5 units of rhodamine-phalloidin (Invitrogen, Carlsbad, CA) were added, and the cells were incubated at 4°C overnight, protected from light. The cells were then washed three times in 0.1 M potassium phosphate buffer (pH 7.5), resuspended in mounting medium containing 10 µg/ml phenylenediamine (Sigma Chemical Co.), and then examined by fluorescence microscopy. Strains carrying fluorescent fusion proteins were grown overnight in YPD and analyzed by microscopy using a Zeiss Axiovert 200 M microscope equipped with an AxioCam HRm camera and Zeiss AxioVision software for deconvoluting images.

Virulence assays. {#h3.4}
-----------------

*C. albicans* strains were grown overnight at 30°C in YPD medium with 80 µg/ml uridine, reinoculated into fresh medium, and incubated again overnight at 30°C. Cells were washed twice in phosphate-buffered saline (PBS), counted in a hemocytometer, and diluted to 1 × 10^7^ cells/ml with PBS. Dilutions of cells were plated on solid YPD medium to confirm the quantitation. Eight BALB/c female mice per each *C. albicans* strain were inoculated with 1 × 10^6^ cells in the lateral tail vein. The mice were monitored for 28 days, during which time a mouse was considered moribund if food and water could no longer be accessed. Humane euthanasia was then performed. All procedures were approved by the Stony Brook University IACUC Committee. Graphing and statistical analysis of survival after infection were carried out using a log rank test (Mantel-Haenszel test) with the software program Prism 4 (GraphPad Software, Inc., La Jolla, CA). Kidneys excised for fungal burden assessments were weighed, placed in 5 ml PBS, and homogenized for 30 s with a tissue homogenizer (Pro Scientific, Inc., Oxford, CT). Serial dilutions of the homogenate were plated on YPD medium plates and incubated at 30°C for 2 days to determine the number of CFU per gram of kidney tissue. Statistical analysis of the CFU data was carried out with Prism software using one-way analysis of variance with a nonparametric Kruskal-Wallis test and Dunn's *post-hoc* test. Periodic acid-Schiff and hematoxylin-eosin staining for histological analysis was performed by a commercial laboratory (McClain Laboratories, Smithtown, NY). Kidney tissue homogenates were stained with 20 ng/ml calcofluor white for \~10 min, resuspended in 10% KOH for 5 min at room temperature, and then imaged by fluorescence microscopy.
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